In comparison to mesophilic flagellins, the thermostable A. pyrophilus flagellin is characterized by increases in aromatic residues and prolines as well as by a 7.9% ؎ 3.2% increase in all hydrophobic residues that is balanced by a respective decrease in hydrophilic residues. This composition is thought to form more compact flagellin monomers and stable interface contacts between neighboring subunits in the polymer.
Aquifex pyrophilus is a novel marine, hyperthermophilic, rodshaped, gram-negative bacterium isolated from the hydrothermal system at the Kolbeinsey Ridge north of Iceland (18) . It grows at between 67 and 95ЊC, with an optimum temperature of 85ЊC. This organism is a microaerophile, growing chemolithoautotrophically by reducing oxygen and using hydrogen, thiosulfate, and sulfur as electron donors. Phylogenetic analyses on the basis of small-subunit rRNA sequence comparisons have placed A. pyrophilus at the deepest phylogenetic branch within the eubacterial evolutionary tree (5, 36) . Similar to the hyperthermophilic thermotogales (17) , A. pyrophilus is motile by the possession of up to eight polytrichously inserted flagella (18) .
Bacterial flagella consist of a helical filament, a proximal hook, and a basal body with the flagellar motor (20, 41) . The long helical filaments are polymers assembled from flagellin subunits, whose molecular weights range between 25,000 and nearly 70,000, depending on the bacterial species (21, 25, 37) . The flagellar filaments of A. pyrophilus are exposed to the extreme temperatures of their habitat without protection. They are stable and functional at temperatures of 85ЊC and beyond, at which the flagellar filaments of mesophilic Salmonella spp. readily dissassemble into flagellin monomers (1) . We were therefore interested as to whether features of the flagellin primary structure and/or amino acid composition account for this difference in heat stability. To this end, we have cloned and sequenced the single flagellin gene, flaA, of A. pyrophilus and analyzed its expression and the features of the deduced 501-amino-acid polypeptide domain structure and composition.
MATERIALS AND METHODS

Bacterial strains and cloning vectors.
A. pyrophilus (DSM6858) was taken from the culture collection of the Institute for Microbiology, University of Regensburg. The derivatives of Escherichia coli K-12 and plasmid vectors used are listed in Table 1 .
Media and growth conditions. A. pyrophilus was grown in a modified SME medium containing (per liter) 30 g of NaCl, 7 g of MgSO 4 ⅐ 7H 2 O, 5.5 g of MgCl 2 ⅐ 6H 2 O, 0.65 g of KCl, 0.1 g of NaBr, 2 g of NaHCO 3 , 0.15 g of NH 4 Cl, 0.15 g of K 2 HPO 4 , 0.5 g of CaCl 2 , 10 ml of trace minerals, and 0.5 g of sulfur under H 2 -CO 2 -O 2 (79:9.75:0.5 [by volume]) at 300 kPa and 85ЊC for 16 h. E. coli cells were grown in complete medium containing 1.2% Bacto Tryptone, 2.4% yeast extract, and 0.4% glycerol or in Luria-Bertani medium containing 1% Bacto Tryptone, 0.5% yeast extract, and 1.0% NaCl. Agar plates were solidified with 1.5% Bacto Agar (Difco Laboratories, Detroit, Mich.). Isopropyl-␤-D-thiogalactopyranoside (IPTG; 40 M), 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal; 40 g per ml), and ampicillin (50 g per ml) were added.
Protein purification and peptide sequencing. A. pyrophilus cells (2 ϫ 10 7 /ml) freshly grown in 300 liters of SME at 85ЊC for 16 h were concentrated to 2 liters in a Padberg filtration centrifuge (type 41G; Padberg Co., Lahr, Germany) equipped with a PTGC ultrafiltration membrane (polyether sulfone; cutoff, 10,000 Da; Millipore Co., Bedford, Mass.). This procedure detached about 90% of flagella from cells. Upon differential centrifugation at 6,000 and 20,000 rpm for 10 min each (Sorvall SS34 rotor) at 4ЊC, the supernatant contained crudely purified flagella. These were sedimented by centrifugation at 250,000 ϫ g at 17ЊC for 3 h (Beckman L8-60 ultracentrifuge; Ti60 rotor), resuspended in 200 ml of buffer (250 mM NaCl, 20 mM Bis-Tris-HCl [pH 6.3]; 2-bis[2-hydroxyethyl] amino-2-[hydroxymethyl]-1,3-propanediol), and precipitated with 10% trichloroacetic acid at 0ЊC for 15 min. Flagellar protein (500 g) separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) appeared as one major band with an M r of 54,000 that was blotted onto a PVP40 membrane (Millipore Co.), eluted with 0.2 M sodium bicarbonate (3 ml), and digested with trypsin (25 g) at 37ЊC for 4 h. Tryptic peptides were separated by reversedphase high-pressure liquid chromatography on a HD-Gel RP7S-300 Gynkotek column and monitored at 220 nm. The peak fractions of tryptic peptides and the amino-terminal fragment were sequenced on an Applied Biosystems 470A gasphase protein sequencer.
Oligonucleotide synthesis and labeling. Mixed sequence oligonucleotides corresponding to two flagellin peptide sequences were synthesized on a 381A DNA synthesizer (Applied Biosystems, Foster City, Calif.) by the phosphoamidite method (32) . Crude oligonucleotides representing 16-to 25-mers were purified by gel electrophoresis on 15% polyacrylamide gels and labeled at their 5Ј ends with [␥-
32 P]dATP (50 Ci; 5,000 Ci/mmol; Amersham Buchler, Braunschweig, Germany) and polynucleotide kinase (Boehringer Mannheim GmbH, Mannheim, Germany) according to standard procedures (39) .
Preparation of chromosomal DNA. Genomic DNA from A. pyrophilus was isolated by freezing and thawing 1.2 g of cells (wet weight) resuspended in 3 ml of 25% sucrose. After 30 min, 1 ml of 50 mM Tris-Cl (pH 8.0) was added, with a subsequent 5-min incubation on ice, the addition of 1 ml of 0.5 M EDTA (pH 8.0), and incubation for another 5 min. Cells were lysed by the addition of 2 ml of lysis buffer (50 mM Tris-Cl [pH 8.0], 65 mM EDTA [pH 8.0], 0.4% sodium deoxycholate, 1.0% Brij 58) and incubation on ice for 30 min and at 60ЊC for another 10 min. Solid CsCl was added at 0.9 g/ml of lysate. The solution was mixed with ethidium bromide (10 mg/ml) and subjected to buoyant-density centrifugation (Beckman 50 Ti rotor; 100,000 ϫ g, 17ЊC, 48 h). The DNA band was collected; sequentially extracted with equal volumes of phenol, phenolchloroform-isoamyl alcohol (50:48:2), and chloroform-isoamyl alcohol (24:1); and dialyzed against TE10.01 buffer (10 mM Tris, 0.1 mM EDTA [pH 8.0]) at 4ЊC for 48 h (three changes of buffer).
DNA hybridization. Hybridizations of genomic and plasmid DNAs were performed by the method of Southern (44) with slight modifications. Samples transferred to nylon membranes (Hybond N ϩ ; Amersham Buchler) were prehybridized at 65ЊC for 3 h in prehybridization buffer (6ϫ SSPE, 5ϫ Denhardt's reagent, 0.5% SDS) (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7] ) and then hybridized at 42ЊC with the end-labeled oligonucleotide probes overnight. The blot was washed at gradually increasing temperatures with 2ϫ SSPE-0.1% SDS for 5 min at room temperature and for 30 min at 45ЊC. It was then autoradiographed at Ϫ70ЊC with new RX Fuji medical film.
DNA sequencing. The DNA sequences of both strands of subcloned fragments were determined by the dideoxynucleotide chain termination method (40) with synthetic primers and a gradient acrylamide gel as described by Heinrich (14) . The program package HUSAR (release 2.0; Heidelberg Unix Sequence Analysis Resources) and the Genetics Computer Group sequence analysis software package (version 7.1.1-Unix) (7) were used for sequence comparisons and evaluations on a SUN workstation.
RNA isolation and primer extension. A. pyrophilus RNA was isolated by following a modified protocol of Kirk and Kirk (23) . Cells were resuspended in 1.5 ml of diethylpyrocarbonate-treated TE10.01 buffer (10 mM Tris, 0.1 mM EDTA [pH 8.0]) containing 50 g of lysozyme per ml, incubated on ice for 20 min, mixed with 8.5 ml of lysis buffer (50 mM Tris-Cl, 300 mM NaCl, 5 mM EGTA, 2% SDS [pH 8.0]), agitated thoroughly on a Vortex mixer, and incubated at 32ЊC for 30 min with additional agitations every 5 min. After centrifugation, the supernatant was extracted sequentially with phenol-chloroform (1:1) and chloroform-isoamyl alcohol (24:1), mixed with 0.123 volumes of 2 M KCl, incubated on ice for 30 min, and finally centrifuged for 20 min. After the addition of 0.33 volumes of 8 M LiCl and overnight incubation, the mixture was centrifuged for 20 min (Eppendorf centrifuge 5414; Eppendorf, Hamburg, Germany). The sediment was washed three times with 2 M LiCl, dissolved in 600 l of diethylpyrocarbonate-treated water, incubated at 65ЊC for 5 min, and centrifuged in an Eppendorf centrifuge at 4ЊC for 10 min. RNA was precipitated with 0.66 volumes of magnesium acetate and 3.3 volumes of ice-cold ethanol at Ϫ70ЊC for 2 h, centrifuged at 12,000 ϫ g in an Eppendorf centrifuge at 4ЊC for 15 min, air dried, resuspended in 110 l of diethylpyrocarbonate-treated water, and analyzed by denaturing gel electrophoresis (1.5% agarose, 40 mM MOPS [morpholine propanesulfonic acid], 10 mM sodium acetate, 1 mM EDTA, 2.2 M formaldehyde). Primer extension experiments were performed as previously described (37) .
Electron microscopy. A. pyrophilus cells were fixed with formaldehyde (2%), applied onto a carbon-coated grid, air dried, and shadowed with platinum-carbon (1 nm) at an angle of 20Њ. Isolated flagella were negatively stained on carboncoated grids with 3% uranyl acetate. Micrographs were taken at a primary magnification of ϫ10,000 to ϫ35,000 with a Philips CM12 electron microscope at 100 kV.
Nucleotide sequence accession number. This nucleotide sequence has been assigned GenBank no. U17575.
RESULTS
Gross morphology of flagella. Electron micrographs of rodshaped A. pyrophilus cells show six to eight polytrichously inserted flagella exhibiting the typical sinusoidal curvature (Fig.  1A) . The measurements of negatively stained flagellar filaments ( Fig. 1B and C) gave an average width of 19 nm, and the structure appears as a prominent pattern of helically arranged subunits. The curved cylindrical hook (Fig. 1C ) differs characteristically by a finer pattern, indicating a different subunit composition.
Peptide sequencing and oligonucleotide synthesis. Flagella were purified as described in Methods, and the flagellin(s) was separated and sized by SDS-PAGE resulting in a single 54-kDa band (Fig. 2) . The amino-terminal sequence was determined. It starts with an alanine and contains a stretch of seven codons with 126-fold degeneracy that was used for synthesizing the oligonucleotide ONKol1 (3ЈTADTTRATRTTRATRCTYCG5Ј [D ϭ A, G, or T; R ϭ A or G; Y ϭ C or T]). This 20-mer antisense oligonucleotide was end labeled with 32 P and used as a probe for Southern hybridization and library screening.
Cloning and copy number. Figure 3A shows a composite map of the A. pyrophilus flaA region constructed from two 1-and 1.8-kb HindIII fragments and an overlapping 1.6-kb EcoRI fragment consisting of two genes, orf1 and flaA, that were deduced from the DNA sequence. The screening of a pBS(ϩ)-based HindIII genomic library with the peptide-derived synthetic ONKol1 probe resulted in 7 positive clones (of 907 transformants) containing identical 1.8-kb fragments (Fig. 3A) . When sequence analyses revealed that this HindIII fragment contained only the N-terminal half of the flagellin gene, the distal 140-bp EcoRI-HindIII portion (Fig. 3A) was prepared and labeled with digoxigenin for probing another pBS(ϩ)-based library of EcoRI-digested genomic DNA. All 21 positive clones (of 998 transformants) contained a 1.4-kb EcoRI fragment overlapping the 1.8-kb HindIII fragment and bearing the other half of flaA plus downstream sequence (Fig. 3A) . To determine the fla gene copy number, A. pyrophilus DNA was probed with a 540-bp EcoRI-NdeI flaA fragment (Fig. 3A) . Of six different restriction digests, three cutting within flaA (EcoRI, EcoRV, and HindIII) gave the expected pattern on a Southern blot, whereas the other three not cutting flaA (KpnI, SacI, and TaqI) produced single bands (Fig. 3B) . This finding together with the apparent absence of different fla clones in the genomic library suggests that there is a single flagellin gene present in the A. pyrophilus genome.
Coding regions. The two adjacent HindIII fragments (2.8 kb) containing flaA, orf1, and flanking regions were subcloned and sequenced. The composite 2,772-bp nucleotide DNA sequence obtained from overlapping analyses of both strands is presented in Fig. 4 . Two open reading frames, orf1 (696 bp) and flaA (1,506 bp), were defined by AUG translation starts after canonical ribosome-binding sites (AGGAGGU [43] ) at 7-nucleotide spacing; by UAA and UGA translation stops, respectively, correlating with transcription termination palindromes; and by codon usage patterns (7) . Northern (RNA) blots probed with the 140-bp EcoRI-HindIII fragment of flaA and with the 350-bp StuI-PstI fragment of orf1 (Fig. 3A) revealed 1.5-kb flaA and 0.7-kb orf1 transcripts (Fig. 5A) . The identity of flaA with the flagellin structural gene is based on three results. (i) The amino-terminal flagellin peptide sequence used as a pattern for designing ONKol1 is identical to the derived primary structure (save methionine) shown in Fig.  4. (ii) The calculated molecular weight of 53,793 (flaA product) is consistent with the flagellin molecular weight, 54,000 Ϯ 2,000, determined by gel electrophoresis (Fig. 2) . (iii) The predicted mRNA size of about 1,530 nucleotides conforms with the 1.5-kb band seen by Northern hybridization (Fig. 5A) . Similarly, the predicted (640 nucleotides) and observed (0.7-kb) sizes of orf1 mRNA are in fair agreement. Northern data clearly demonstrate that orf1 is also expressed (Fig. 5A) , although a function has not been assigned to the encoded gene product.
5 and 3 noncoding regions. Primer extension was used to determine the flaA transcription start. Total RNA was hybridized with an excess of the synthetic [␥- 32 P]ATP-labeled oligonucleotide Ap01 (5ЈGCCTGAGGAGGGACTTGTTCATAA G3Ј), complementary to positions 69 to 93 of the flaA sequence (Fig. 4) . The results suggest that flaA is transcribed from a guanine 27 bp upstream of the flaA initiation codon (Fig. 4 and 5B). The transcription start is preceded by a so-called 28 promoter sequence (TAAAN 15 TCCGATAT) that predicts the presence of a corresponding 28 -like regulatory factor in A. pyrophilus (15) . This alternative 28 -like factor activates the expression of chemotaxis, motility, and flagellar genes in many bacteria (10) . With respect to promoter structure, orf1 exhibits quite similar features, although the spacing between conserved 5Ј and 3Ј blocks in the two promoter sequences varies between 12 (orf1) and 15 (flaA) nucleotides. Thus, the orf1 gene product may be part of the chemotaxis or motility machinery of A. pyrophilus, although no similarity between the derived polypeptide and known functions has been detected yet. The sequences of both orf1 and flaA exhibit short palindromic transcription terminators that overlap the translation stop followed by runs of uridine residues. The low enthalpy of the predicted stem-loop structures suggests that both of these signals require a -like factor for transcription termination. Derived polypeptide sequence. The sequenced flaA gene of A. pyrophilus encodes a 500-amino-acid polypeptide lacking the N-terminal methionine that is lost posttranslationally (Fig.   5 ). The deduced primary structure of the hyperthermophilic A. pyrophilus flagellin was aligned and compared with that of the mesophilic Salmonella typhimurium phase-1 flagellin (21) (Fig.  6 ). The amino-terminal 100 residues and carboxy-terminal 83 residues exhibit 51% similarity between the two species. Except for short stretches of variable similarity up to position 172, the central regions are not related (Fig. 6 ). The organization of the A. pyrophilus flagellin conforms with the general structure of flagellins (16, 20, 48) , which is characterized by conserved ends buried in the flagellar polymer and required for subunit export and assembly and a central heterogeneous region partly exposed to the surface that defines the (immunochemical) specificity of the flagellum (21, 27) . Therefore, the general mechanisms of flagellar-filament growth and polymerization should be the same as those in mesophiles. However, the determinants of thermostability have to be different between the two species. A possible molecular interpretation is given below.
DISCUSSION
The phylogenetic antiquity and hyperthermophilic character of A. pyrophilus (5, 18, 36) instigated this study of the structural gene flaA and its heat-stable product, flagellin. The analyzed A. pyrophilus genes, flaA and orf1, are single copies and monocistronic, as demonstrated by Southern (Fig. 3B) and Northern (Fig. 5A) hybridizations. The presence of a single flagellin gene is considered to be a consequence of the compact gene arrangement on a 1.6-Mb chromosome near the lower limit for the size of bacterial genomes that cannot tolerate gene duplication and allelic variation (42) . The lack of an orf1-flaA operon, despite quite similar promoters and likely coordinate regulation among the two genes, may reflect the early phylogenetic position of A. pyrophilus, preceding the evolution of polycistronic transcription.
Both orf1 and flaA are preceded by conserved 28 promoters (15) and ribosome-binding sites spaced at an optimum 7-bp distance before the translation start (43) . flaA transcription initiates 9 nucleotides downstream of the Ϫ10 box at a guanosine nucleotide (Fig. 4 and 5B), in perfect correspondence with the situation in E. coli. This precision of signal sequences and spacing may be needed for the transcription and translation machineries to function correctly at high temperatures. Curiously, the transcription of orf1 and flaA terminates at weak stem-loop structures followed by extensive runs of uridine nucleotides. These presumptive termination signals (38) conspicuously precede and overlap the translation stops, suggesting that under extreme temperatures, transcription and translation termination are directly coupled. The possible involvement of a -like termination factor needs to be investigated.
The codon usage pattern in the A. pyrophilus flaA gene is biased against G, and the order of nucleotide preference in the third codon position is (A or U) Ͼ C ӷ G. This is unexpected in a hyperthermophile but is in line with its overall low GϩC content of 40% (34) . With only two genes sequenced, it is premature to speculate on the consequences of this observation. However, it will be a challenging task of future in vitro experiments to elucidate how faithful codon-anticodon pairing is accomplished at extreme temperatures. The flagellin monomer determines the export of subunits through the hollow core of the flagellum, their assembly at the distal tip of the filament (8, 19) , and the rigidity and heat stability of the polymer. The monomer also defines the pattern of small-and large-scale helices that forms the cylindrical filament (35) , which itself is coiled into a helix (24) . How are these diverse potentials laid down in the flagellin structure? Whereas export and self-assembly are solely determined by the conserved ends of the flagellin polypeptide (16, 26) , the physical stability of the flagellar filament depends on the entire sequence of the flagellin monomer. A. pyrophilus flagella are stable at temperatures above 100ЊC and at low pHs, features not shared by the flagella of most mesophiles. Similar to the complex filaments of Rhizobium spp. (12, 31, 37, 46) , the A. pyrophilus flagellar filaments are quite fragile; they can be easily isolated from the culture supernatant after the application of weak shearing forces (low-speed centrifugation). Hence, they are presumably more rigid than the polymorphic filaments of mesophilic S. typhimurium flagella (1, 35) , which are refractory to such shearing forces. These special properties of A. pyrophilus flagella are considered to be a structural adaptation to extreme growth temperatures.
To account for the heat stabilities of hyperthermophilic proteins, various investigators have analyzed the numbers and types of single-amino-acid substitutions in aligned sequences of homologous proteins from mesophiles and hyperthermophiles (33, 50, 51) . General tendencies of exchanges of alanine for serine and glycine and of increased levels of phenylalanine and tyrosine in thermostable species have been noted (51) . Among flagellins, such sequence comparisons are feasible only at the conserved termini, whereas the central sequences have few structural restrictions and can assume a large number of different primary structures (26, 28) . Thus, we have compared the amino acid compositions of flagellins from three extremophiles, A. pyrophilus, Thermotoga maritima (4, 17) , and Pyrococcus furiosus (4, 9) , with those from five mesophiles, E. coli (27) , Salmonella typhimurium (6), Bacillus subtilis (21), Pseudomonas aeruginosa (45) , and Proteus mirabilis (3) . The data in Table 2 indicate (i) the general absence of cysteine and low levels of (or no) tryptophan as features of all flagellins and (ii) increased levels of aromatic residues and proline in all heatstable flagellins. Furthermore, pooling hydrophobic amino acids (29) and proline residues (Table 2) revealed a general 7.9% Ϯ 3.2% increase for these residues in hyperthermophilic flagellins compared with those of mesophilic species. This increase is counterbalanced by a respective decrease in hydrophilic residues (Table 2) .
Although empirical at this stage, the data should eventually lead to a better understanding of how proteins function at high temperatures. Because strong hydrophobic interactions constrain hydrophobic amino acid residues to the inner portions of globular proteins (to avoid entropically unfavorable contact with water) and because proline residues introduce bends into alpha-helices, we propose that thermostable flagellins form compact monomer structures and large interfaces between subunits (excluding water molecules) in the helical polymer. This increase in average hydrophobicity is regularly accompanied by a decrease in average chain flexibility (22, 47) , a feature possibly reflected in the observed fragility of thermostable flagellar filaments at room temperature. The comparison of hydrophobic and hydrophilic pools reveals that large fluctuations of individual amino acid residues can be tolerated without affecting the general character of the flagellin as long as the relative ratios of the two pools remain constant. It may be noted that the selection for heat stability operates on an evolutionary scale. The resulting flagellin sequences suggest that the goal of heat stability can be attained by quite different primary structures within a family of structural proteins that 
